and embryoid bodies (EBs) because this is a widely studied developmental model ( 20 ) . EBs are aggregates of cells derived from ESCs that, to some extent, recapitulate early stages of mammalian embryonic development, including of the corresponding fatty acyl-CoAs, can affect the N-acyl chain length subspecies of DHCer and Cer (and downstream more complex SLs and GSLs) in cells. To test this hypothesis, we chose mouse embryonic stem cells (mESCs) Fig. 1 . Depiction of the early steps of sphingolipid biosynthesis using a modifi ed KEGG pathway scheme (Sphingo-GenMAPP) ( 14 ) to facilitate visualization of differences in gene expression in R1 mESCs and EBs. A: Beginning in the upper left of this scheme, serine and palmitoyl-CoA are condensed by serine palmitoyltransferase (represented by 3 SPT genes) to form 3-ketosphinganine (3-Keto-Sa), which is reduced to sphinganine (Sa) by 3-keto-Sa reductase ( 3KSR , the FVT1 gene) and either N-acylated by ceramide synthases ( CerS ) to dihydroceramides (DHCer) (shown by arrows leading to the right) or phosphorylated by sphingosine kinase ( SphK1 or SphK2 ) to Sa 1-phosphate (Sa1P), which can be hydrolyzed back to Sa (by phosphatases Ppap2a or Sgpp2 ) or cleaved to hexadecanal (C16:0-al) and ethanolamine phosphate (EP) by the shown lyase (sphingosine 1-phosphate lyase). DHCer can be hydrolyzed to Sa by ceramidases ( Asah1, 2 or 3 ); incorporated into more complex sphingolipids (DHCer 1-phosphate, DHCer1P, by Cer kinase, CERK ), glycosylated to dihydrogalactosylCer (DHGalCer), dihydroglucosylCer (DHGlcCer), converted to dihydrosphingomyelin (DHSM by SM synthases SMS1 or SMS2 ); or converted to Cer by DHCer desaturase ( DES1 or DES2 ) (or hydroxylated to phytoceramide by DES2 , not shown) and either hydrolyzed by ceramidases or converted to downstream metabolites, etc. Also shown are the fatty acyl-CoA elongases ( Elovl ) because some of these are involved in production of the cosubstrates for CerS . B: Expansion of the pathway to depict the individual molecular species made by different CerS isoforms (formerly named Lass ), with abbreviation of the sphingoid base as d18:0 for sphinganine (citing the number of hydroxyl groups, d for dihydroxyl), d18:1 for sphingosine, and the N-acyl chain length and number of double bonds as Cx:y, respectively. As described in the text, the "heat" scale depicts the relative amounts of transcripts for each of these genes for R1 EBs versus mESCs as measured by qRT-PCR (see Fig. 2 ). stable gene as described in ( 22 ) . The control gene, Ribosomal Protein L4 (RPL4, NM_024212) was included on each plate to control for run variation and to normalize individual gene expression.
Integration of gene expression data with Sphingo-GenMAPP pathway
GenMAPP (Gene MicroArray Pathway Profi ler) v2.1 ( 29 ) is a tool to visualize global gene-expression profi les in the context of cell signaling pathways or KEGG metabolic pathways ( 31 ) . In the context of the present study, the transcript expression data for R1 mESCs and EBs from the qRT-PCR analysis was imported into a GenMAPP pathway for SL metabolism that had been modifi ed ( 14 ) based on the current literature ( 32 ) ( Fig. 1 ).
LC-ESI MS/MS
SLs. The SLs were extracted from cells using published methods (33) (34) (35) . Briefl y, ‫ف‬ 1 to 10 × 10 6 cells were scraped from culture dishes in a small volume of PBS, then centrifuged to remove excess PBS for a fi nal volume of 0.05-0.1 ml. The cells were suspended in 0.5 ml of CH 3 OH and 0.25 ml of CHCl 3 , spiked with a single chain-length internal standard for each category of SL being monitored (which we have found to allow quantitative analysis of all of the compounds in this study, as reported in reference 35 )(see details below), disrupted using a bath-type sonicator at room temperature, and incubated overnight in a heating block at 48°C. After cooling the tubes to room temperature, 75 l of 1 M KOH in CH 3 OH was added and the mixture was sonicated for 30 s, then incubated for 2 h at 37°C. The solution was neutralized with several l of glacial acetic acid, 1 ml of CHCl 3 was added followed by 2 ml of water, and sonicated. After centrifugation, the upper phase was carefully removed and discarded. The lower phase was dried using a SpeedVac and redissolved in 0.3 ml of 98% of 97 ( 34, 35 ) . SL data was collected using a Perkin Elmer Series 200 MicroPump system (Perkin-Elmer, Norwalk, CT) coupled to a PE Sciex API 3000 triple quadrupole mass spectrometer equipped with a turbo ion-spray source (Applied Biosystems, Foster City, CA). Complex SLs such as Cers, CMHs (ceramide monohexoses, the sum of glucosylceramide and galactosylceramide), and SMs were separated by normal-phase LC using 2.1 mm × 5 cm Supelco NH 2 column (Supelco, Bellefonte, PA) at a fl ow rate of 1.5 ml/min. The elution protocol was: 0.5 min of preequilibration of the column with 98:2 A/B (v/v), sample injection, elution with 98:2 A/B (v/v) for 1.1 min followed by a linear gradient to 82:18 A/B (v/v) in 0.2 min, elution at this composition for 0.4 min, then a linear gradient to 100% B over 0.8 min. Afterwards, the column was reequilibrated by a 0.5 min linear gradient to 98:2 A/B (v/v) and a wash of the column with 98:2 A/B (v/v) for 0.3 min.
Quantitation was performed by comparison of each unknown with the spiked internal standard (IS) for that SL class (the IS for each class was an uncommon chain length homolog that has been validated for analysis of other chain lengths) ( 35 ): C12ceramide, C12-sphingomyelin, and C12-glucosylceramide (for CMH), all of which were obtained from Avanti Polar Lipids (Alabaster, AL). The ISs were added as 10 µl of a 50 µM of stock for a total of 500 pmol of each IS molecular species per sample (see above). Student's t -test was used for statistical analyses. cell types derived from endoderm, mesoderm, and ectodermal lineages ( 20 ) . Described in this report are the expression of the CerS genes ( 16, 21 ) and the amounts and types of Cer subspecies as part of a broader investigation of all of the known genes for glycoprotein and (glyco)sphingolipid biosynthesis ( 22 ) . Also analyzed were the cosubstrate fatty acyl-CoAs and expression of transcripts for fatty acid elongases and desaturases as these may also infl uence the types of Cer subspecies. These studies found that there were shifts in the expression of many of the genes of this pathway as well as in the associated metabolites in EBs versus ESCs.
MATERIALS AND METHODS

Growth and characterization of mESCs and EBs
The R1 and D3 mESCs ( 23, 24 ) (ATCC, Manassas, VA) were cultured in the absence of feeder cells on tissue-culture-grade plastic ware precoated with 0.1% gelatin-PBS, as described previously ( 25 ) . The mESC culture medium consisted of DMEM (Gibco BRL) supplemented with 10% fetal calf serum (GIBCO BRL), 1 mM L-glutamine, 0.1 mM 2-mercaptoethanol, 100 U/ml penicillin, 100 U/ml streptomycin, and 1000 U/ml recombinant human LIF (leukemia inhibitory factor; ESGRO, Chemicon International) at 37°C under 10% CO 2 .
Differentiation of mESCs into EBs was carried out as described previously ( 26 ) . mESCs were harvested by trypsinization to convert suspensions of single ESCs into aggregates that were seeded into 10-cm bacteriological dishes at a density of 1 × 10 5 cells/ml, in 10 ml mESC-medium lacking LIF. EBs were harvested daily, the medium was changed every 2 days and cultures were split one into two at day 4. Cell populations of mESCs and EBs were characterized by fl ow cytometry using the lineage specifi c marker CD9 and by transcript analysis using qRT-PCR. Changes in morphology and lineage-specifi c gene expression for mESC and EB cell populations produced by the Dalton laboratory were previously described ( 27 ) .
Measurement of gene expression levels using qRT-PCR
Primer design and validation. Primer pairs for SL synthesis genes and control genes were designed within a single exon using conditions described in Nairn et al. ( 22 ) . Primer sequences and accession numbers for genes in this study are presented in Nairn et al. ( 27 ) . Individual quantitative (q)RT-PCR reactions were also checked for effi ciency 100 ± 5% using reaction raw fl uorescence data in the LinReg PCR program ( 28 ) .
Total RNA isolation and cDNA synthesis. mESCs and EBs (day 6) cell pellets were harvested and fl ash-frozen in liquid nitrogen and stored at Ϫ 80°C until use. Cell pellets were homogenized followed by RNA isolation and cDNA synthesis, which were performed as previously described ( 27 ) .
qRT-PCR reactions and calculation of relative gene expression levels.
Triplicate reactions (20 l each) containing 5 l of diluted cDNA or genomic DNA template (primer validation reactions), 5 l of primer pair mix (125 M fi nal concentration), and 10 l of iQ™ SYBR Green Supermix (BioRad, Hercules, CA) were assembled in 96-well microtitre plates. Amplifi cation reactions and the calculation of relative gene expression levels were carried out as previously described ( 27 ) . The normalization gene was selected by determining the expression level for several housekeeping genes across all samples to determine the most containing gene 17 ( Sox17 ), Alpha fetoprotein ( Afp ), and GATA binding protein 6 ( Gata6 ) were typical for the transition from mESCs to EBs ( 22 ) .
Differences in the expression of SL metabolism genes in R1 mESCs and EBs using Sphingo-GenMAPP
The relative transcript expression levels of R1 EBs versus mESCs are depicted in the pathway diagram ( Fig. 1 ) and with the fold differences shown by the "heat" scale defi ned on the right side of the fi gure. There were no differences in the transcript levels for serine palmitoyltransferases ( SPT1 and SPT2 ), the fi rst enzymes of the path way, but EBs had higher expression of transcripts for 3-ketosphinganine reductase and some of the CerS isoenzymes ( CerS1 , 3 , and 6 ), as is also shown by bar graphs in Fig. 2 (upper panel) . The transcripts were also higher in EBs for enzymes that use Cer for biosynthesis of more complex SLs, i.e., both of the SM synthases and the glycosyltransferases that produce GlcCer and GalCer ( Fig. 1 ). EBs had lower transcript abundances for the major desaturase that synthesizes Cer from DHCer (dihydroCer desaturase, DES1 ) and transcripts for the other desaturase ( DES2 , which makes phytoceramides) ( 37 ) were barely detectable in both mESCs and EBs.
Because the CerS enzymes use very long-chain fatty acyl-CoAs that are made by elongation of palmitoyl-and stearoyl-CoAs, the transcripts for the pertinent fatty acyl-CoA elongases were also analyzed by qRT-PCR. As shown in Fig. 1 and 2B , the transcript level for Elovl6 , a fatty acyl-CoA elongase that catalyzes the elongation of saturated and monosaturated acyl-CoAs with 12-16 carbons ( 38, 39 ) , was 4-fold higher for EBs than mESCs. A fatty acyl-CoA elongase that extends C16:0-CoA to C24:0-CoA, Elovl3 ( 38, 40, 41 ) , showed 3-fold higher transcript levels for EBs than mESCs, although lower transcript levels were observed for Elovl1, which is also responsible for elongating very longchain saturated fatty acyl-CoAs ( 38, 41 ) . EBs also had ‫ف‬ 3.5fold higher Elovl2 ( 37, 42 ) transcript levels, no evident change in Elovl4 ( 38, 44 ) transcripts, and slightly higher Elovl5 ( 38, 43 ) transcript abundance (which are all elongases for polyunsaturated fatty acids).
These differences in gene expression imply that the SL backbones of EBs might differ from mESCs by having: i ) higher proportions of subspecies with longer acyl chains (i.e., >C16) because EBs have a higher transcript abundance of CerS1 , which is relatively specifi c for stearoyl-CoA (C18:0) ( 45 ), and CerS3 , which is selective for very-longchain fatty acyl-CoAs (>C20) ( 46 ) ; ii ) higher, lower, or unchanged C16-Cer because an elevation in CerS6 ( 17 ), one of the CerS responsible for biosynthesis of C16-Cer, may be offset by a decrease in the transcripts encoding a CerS that uses C16-fatty acyl-CoA, CerS5 ( 47 ); iii ) increases in DHSL as DES1 is lower and DES2 unchanged; and iv ) possibly lower amounts of (DH)Cer because the transcripts encoding most of the enzymes that use (DH)Cer were elevated (including the transcripts for one of the ceramidases, Asah2 ). The gene expression data also suggest that the EBs have the capacity to elongate fatty acyl-CoAs to produce the cosubstrates that are used to make these Cer Fatty Acyl-CoAs. The fatty acyl-CoAs were extracted from cells using a published method ( 36 ) . The medium from cells cultured in 100 mm dishes was aspirated and cells were gently washed twice with 5 ml of 4°C PBS, ‫ف‬ 1 ml of ice-cold PBS was added, and the cells were scraped from the dishes using a cell scraper and transferred to chilled 13 × 100 mm screw-cap borosilicate tubes with Tefl on-lined caps (Kimble Chase, Vineland, NJ). An additional ‫ف‬ 1 ml of PBS was used to recover the remaining cells by this same procedure and these were added to the fi rst. After centrifugation (1500 rpm, 3 min), the PBS was removed by aspiration and 0.5 ml of CH 3 OH containing 1 mM EDTA was added together with 10 l of an internal standard mixture that contained 100 pmol each of C17:0-and C25:0-CoA, which were prepared in CH 3 OH/CHCl 3 (2:1 v/v) containing 30 mM triethylammonium acetate. After sonication (three times at ‫ف‬ 0.5 min each), 0.25 ml of CHCl 3 was added followed by another brief sonication.
The single-phase extraction mixture was incubated in a 50°C heating block for 30 min. After cooling to room temperature, CHCl 3 and water (0.25 ml each) were added with mixing by vortexing after each addition. After brief centrifugation using a table-top centrifuge, the fatty acyl-CoAs were in the upper phase and interface and most of the other lipids (which would interfere with the subsequent reverse-phase LC) were in the lower phase. The upper phase was removed with a Pasteur pipette and transferred into a clean screw-cap glass tube. The upper layer was adjusted with 5% CH 3 OH (v/v), 5% butanol (v/v), and 5% CHCl 3 (v/v). These organic additives improved the stability of the very long-chain acyl-CoAs for at least 24 h at room temperature in the autosampler.
HPLC separations used a Shimadzu SCL-10A VP system controller, two LC-10AD VP pumps, a DGU-14A degassing unit, a Perkin-Elmer series 200 autosampler, a Phenomenex (Torrance, CA) Gemini C18 column (2 mm ID × 150 mm with 3 m particles, 110 Angstrom pores) and a 2 × 4 mm guard column with the same packing material. A Metatherm column oven (Torrance, CA) was used to maintain the column temperature at 40°C.
The fl ow rate was 0.2 ml/min in binary gradient mode with the following elution program: the column was equilibrated with mobile phase C [water/ CH 3 CN (85:15, v/v), containing 0.05% triethylamine], the sample was injected, and mobile phase C was continued for 5 min, followed by a 13 min gradient to 48% mobile phase C and 52% mobile phase D (CH 3 CN containing 0.05% triethylamine) during which the long-chain-and very long-chain-fatty acyl-CoAs eluted. Afterward, the column was washed by a 1 min gradient to 100% D and a 5 min hold at 100% D, followed by reequilibration of the column by a 1 min gradient to 100% C and a 5 min hold at 100% C before injection of the next sample.
MS/MS of fatty acyl-CoAs in positive ion mode was performed on a 4000 QTrap triple quadrupole linear ion trap mass spectrometer (Applied Biosystems) as recently described ( 36 ) .
RESULTS
Characterization of R1 mESCs and EBs
The R1 mESCs and EBs were examined for gross morphological changes and transcript abundances as markers for these cells. The mESCs expressed Zinc fi nger protein 42 ( zfp42/Rex1 ), Gastrulation brain homeobox ( GBX2 ), and Nanog homeobox ( Nanog ) as pluripotent markers, and the qRT-PCR transcript profi les for Goosecoid ( Gsc ), Zinc fi nger protein of the celebellum 1 ( Zic1 ), SRY-box would predict that the relative amounts of the different subspecies might correlate with the relative abundances of the respective CerS transcripts, which have been regraphed in Fig. 3B to show the differences between mESCs and EBs. The order of the CerS genes has been arranged so they correspond to the respective types of Cer that are made, i.e., C16-Cer ( CerS6 and CerS5 ), C18-Cer ( CerS1 ), C20 ± 2 Cer ( CerS4 ), C24-Cer ( CerS2 ), and C26-Cer ( CerS3 ) (c.f. Fig. 1 ).
Comparison of Fig. 3A and B reveals a close correspondence between the differences in transcript abundances for CerS in mESC versus EBs and the Cer subspecies distribution: a lower CerS6 + CerS5 for EBs versus mESC corresponding to a decrease in C16-Cer, higher CerS1 in EBs corresponding to an increase in C18-Cer, and higher CerS2 subspecies. To test these hypotheses, the Cer subspecies (and fatty acyl-CoAs) were analyzed by LC-ESI MS/MS. Fig. 3A shows the relative proportions of the Cer subspecies in R1 mESCs (day 0) and EBs on days 4 and 6 as "donut" charts. 2 The rationale for the latter depiction is that CerS s have approximately the same K m for the sphingoid base substrate ( 48 ) ; therefore, as a fi rst approximation, one 
Characterization of the Cer backbone subspecies of R1 mESCs and EBs
Analysis of the fatty acyl-CoA species in R1 mESCs and EBs
The amounts of the fatty acyl-CoAs in R1 mESCs and EBs are shown in Fig. 5 . During the time course for conversion of mESCs to EBs, C18:0-and C18:1-fatty acyl-CoAs increased by approximately 2-fold, as did many of the very long-chain (C22:0-, C24:0-and C24:1-) fatty acyl-CoAs. In contrast, palmitoyl-CoA derivatives (C16:0-) were approximately the same in mESCs and EBs. Thus, these results are consistent with the observed changes in the higher amounts of C18:1-, C22:0-, C24:0-, and C24:1-fatty acyl-CoAs in EBs versus mESCs. These results additionally indicate that the CerS that would use these fatty acyl-CoAs to produce the pertinent Cer subspecies are not hampered by a lack of cosubstrate availability during EB development.
Characterization of the DHCer and Cer backbone subspecies of (DH)SL in D3 mESCs and EBs
To determine if these compositional changes were unique to the R1 cells, the lipids of another frequently studied mESC cell line, D3 cells ( 25 ) , were analyzed by LC/MS/MS. The two similarities observed were decreases in the proportion of C16-(DH)Cer and increases in C24/ C24:1 (DH)Cer in D3 EBs versus mESCs, ( Fig. 6A , D ) . Furthermore, these differences were also more prevalent in the downstream metabolites ( Fig. 6B, C, E, F ) . Based on these similarities, it is possible that the shifts in (DH)Cer subspecies are common in this developmental transition.
DISCUSSION
The goal of these studies was to explore whether mESCs undergo changes in the mRNA levels for the early steps of de novo SL biosynthesis upon conversion to EBs, then to compare these with the Cer subspecies that are present. corresponding to a small increase in C24-Cer. Lower CerS4 transcripts in EBs did not translate into a decrease in the sum of C18 + C20 + C22-Cer; however, this might be due to the large increase in CerS1 transcripts.
Characterization of the DHCer and Cer backbone subspecies of (DH)SL in R1 mESCs and EBs
The DHCer of mESCs and day 6 EBs also exhibited shifts in fatty acyl-chain length ( Fig. 4A ) that correlated with the differences in CerS expression that were similar to the changes in Cer (c.f., Fig. 4A and Fig. 4D ), namely, lower proportions of C16-DHCer and more C18-and C24/24:1 DHCer with the greatest increase in C24:1-Cer. Because DHCer is the fi rst N-acylated intermediate of de novo sphingolipid biosynthesis ( Fig. 1 ) versus Cer, which is formed next and during the turnover of more complex sphingolipids, perhaps this accounts for the closer resemblance between the chain length subspecies of DHCer and the transcript abundance of the CerS isoforms (c.f., Fig. 3A  and 4 ) .
The (DH)CMH ( Fig. 4B and E ) and SM ( Fig. 4F ) of EBs displayed higher proportions of the C24/C24:1 backbones, however, most of the other subspecies differences that were seen in Cer and DHCer were not evident in these downstream metabolites.
There were also differences in the proportion of DHCer versus Cer backbones in EBs versus mESCs (which are not evident in Fig. 3 or 4 because the data are shown only as proportions within each category). When summed across all chain lengths and categories, the total amount of these sphingolipids did not differ between mESCs and day 6 EBs cells (i.e., 780 vs. 740 pmol/mg protein, respectively), but the DHSL percentage increased from ‫ف‬ 8% for mESCs to 19% for EBs. This fi nding was consistent with the lower DES1 expression in EBs versus mESCs ( Fig. 1 ) . There were increases in the mRNAs for many of the early enzymes of SL biosynthesis ( Fig. 1 ) , including some of the CerS ( 1, 3 , and 6 ) and downstream synthases for SMs and GSLs, and decreases in other CerS (4 and 5, with 2 unchanged), the sphingosine kinases, and two of three ceramidases. Although all of these are worthy of further investigation, this study focused on the lipid backbone subspecies because they can be readily analyzed by LC-ESI MS/MS and serve as a relatively easy way to determine how closely changes in gene expression match changes in these important compounds.
For all of the mESC and EB SLs investigated in this study, the prevalent N-acyl-linked fatty acid was C16:0 (palmitate), which is added by CerS5 and CerS6 . Consistent with this, the transcript abundance of CerS5 plus CerS6 is higher than that for the other CerSs ( 1, 3 , and 4 ) except CerS2 ( Fig. 2 ) . Considering the relative abundance of CerS2 mRNA, it is somewhat surprising that the C24-chain-length backbones are not more prevalent (supplementary Fig. II ) . We do not know if this is because CerS2 protein amount or e nzymatic activity are not equivalently high, but it is worth noting that another factor might be a limited availability of the cosubstrate C24-and C24:1-fatty acyl-CoAs as these are <10% of the levels of the C16-and C18-fatty acyl-CoAs ( Fig.  5 ). Consistent with this possibility, the higher proportions of C24-chain length Cer in EBs versus mESC occur without an increase in CerS2 mRNA whereas the amounts of the very long-chain fatty acyl-CoAs doubled.
The fi ndings for the fatty acyl-CoAs are, by themselves, interesting because there have been no previous studies of whether mESC and EB differ in the mRNA levels for this pathway. As shown in Fig. 1 , the mRNA for Elovl6 was higher for EBs than mESCs, which matched the ‫ف‬ 2-fold higher stearoyl-and oleoyl-CoAs ( Fig. 5 ). Furthermore, the higher C24-chain-length fatty acyl-CoAs correlated with only one of the two elongases ( Elovl3 , which increased, vs. Elovl1 , which decreased), therefore, it is likely that Elovl3 is responsible for the observed increases in very long-chain fatty acyl-CoAs.
Decreases in the proportion of C16-and increases in very long-chain DHCer and Cer were two of the most consistent shifts in backbone composition not only for these compounds but also the downstream (DH)SM and (DH) CMH ( Figs. 3 and 4 ) and were even more evident in the D3 cell line ( Fig. 6 ). The functional signifi cance of these subspecies shifts for embryogenesis, if any, is not known; however, synthesis of C16-Cer is elevated during the apoptosis ( 49-51 ), and differences in the time course of changes in C16-versus C24-Cer have been associated with different phases of apoptosis l ( 52, 532 ) . Changes in C18-Cer might also be important because this subspecies is associated with cell growth control ( 53 ) .
EBs have been widely used as a model system for studies of the formation of the inner cell mass of the mouse embryo shortly before implantation, which has been proposed to involve apoptosis ( 54 ) and, thus, might involve Cer. Another important function for Cer-induced apoptosis which may suggest that these simple GSLs are being used for the biosynthesis of more complex GSLs that are important during development ( 3, 58, 59 ) . This would be an interesting direction for future studies.
Since the development of tools for analysis of mRNAs using microarrays and high-throughput qRT-PCR for transcript profiling, there have been many studies of changes in gene expression during development (60) (61) (62) ; however, prior to this study, the CerS gene family has not been included because it was only recently characterized ( 16 ) . There have also been no previous studies of this pathway that have combined analysis of the mRNAs for these genes with the quantitation of the related metabolites. Thus, it is encouraging that, for the most part, there was reasonable agreement between the predictions from the genomic analysis and what was found by this focused lipidomic survey. This type of approach might uncover new ways in which SLs are involved in stem cell biology and embryonic development, including where disruption of SL metabolism results in birth defects ( 63, 64 ) . might be to eliminate residual, pluripotent EBs in later stages of differentiation ( 9 ) .
It is also interesting that the ratio of DHCer to Cer was higher in most of the SLs of EBs than mESCs (c.f. left vs. right columns of supplementary Figs. I and II ), which correlated with the lower DHCer desaturase ( DES1 ) mRNA in EBs versus mESCs ( Fig. 1 ) . Dihydroceramides are generally thought not to play an important role in apoptosis, but can participate in other biological processes such as autophagy ( 55 ) , which has also been proposed to be involved in the formation of the inner cell mass of the mouse embryo ( 56 ) .
In addition to shifts in the backbone subspecies, the total amounts of (DH)Cers were higher in R1 and D3 EBs than mESCs (supplementary Figs. I and II ), which might participate in the regulation of primitive ectoderm cell polarity and/or Cer-induced apoptosis in embryonic development ( 8, 57 ) . In contrast, the CMH of R1 and D3 EBs were much lower than for mESCs, despite increases in the transcripts for the synthases for GlcCer and GalCer ( Fig. 1 ) , 
